Cisplatin is one of the most potent chemotherapy agents. However, its use is limited due to its toxicity in normal tissues, including the kidney and ear. In particular, nephrotoxicity induced by cisplatin is closely associated with oxidative stress and inflammation. Heme oxygenase-1 (HO-1), the rate-limiting enzyme in the heme metabolism, has been implicated in a various cellular processes, such as inflammatory injury and anti-oxidant/oxidant homeostasis. Capsaicin is reported to have therapeutic potential in cisplatin-induced renal failures. However, the mechanisms underlying its protective effects on cisplatin-induced nephrotoxicity remain largely unknown. Herein, we demonstrated that administration of capsaicin ameliorates cisplatininduced renal dysfunction by assessing the levels of serum creatinine and blood urea nitrogen (BUN) as well as tissue histology. In addition, capsaicin treatment attenuates the expression of inflammatory mediators and oxidative stress markers for renal damage. We also found that capsaicin induces HO-1 expression in kidney tissues and HK-2 cells. Notably, the protective effects of capsaicin were completely abrogated by treatment with either the HO inhibitor ZnPP IX or HO-1 knockdown in HK-2 cells. These results suggest that capsaicin has protective effects against cisplatin-induced renal dysfunction through induction of HO-1 as well as inhibition oxidative stress and inflammation.
INTRODUCTION
cis-Diamminedichloroplatinum II (cisplatin) is a widely used chemotherapeutic agent to treat solid tumors in the testicles, ovaries, head and neck, bladder, lung, and uterus (Arany and Safirstein, 2003; Cohen and Lippard, 2001; Pabla and Dong, 2008; Siddik, 2003; Wang and Lippard, 2005) . However, significant nephrotoxicity has been reported with approximately 30% of the patients experiencing a significant reduction in renal function during cisplatin chemotherapy, and thus limits its use (Kuriakose and Kurup, 2008; Luke et al., 1992) . Although the exact mechanisms of cisplatin-induced nephrotoxicity have still not been fully elucidated, a positive feedback loop between inflame-matory cytokines and oxidative stress causing tubular toxicity and vascular injury has been suggested to be responsible for cisplatin-induced renal failure (Kuhad et al., 2007; Maheshwari et al., 2013; Mitazaki et al., 2013; Sahu et al., 2013) . Therefore, it is suggested that modulation of the inflammatory response and oxidative stress can be potentially useful to attenuate cisplatin-induced nephrotoxicity.
Heme oxygenase (HO), the rate-limiting enzyme in the catabolism of heme, converts heme into biliverdin, carbon monoxide, and iron. Induction of HO-1 was reportedly associated with most protective mechanisms activated by various oxidative insults such as heme, hyperoxia, hypoxia, and electrophiles, and thus it is thought to play a key role in maintaining the oxidant/anti-oxidant balance (Hartsfield et al., 1999; Lee et al., 2000; Maines, 1988; Owuor and Kong, 2002) . In particular, chemical inhibition of HO enzyme activity in rats or genetic knockout of HO-1 in mice results in much worsened kidney dysfunction and tubular injury in response to cisplatin treatment, indicating a protective role for HO-1 expression in cisplatininduced renal tubular cell death (Agarwal et al., 1995; Shiraishi et al., 2000) .
Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide) , the active ingredient of chili peppers, was originally used in the study of pain sensations through the stimulation of its receptor (Caterina et al., 1997; Szallasi and Blumberg, 1999) . More recently, capsaicin has been reported to have anti-mutagenic and anticarcinogenic properties against human leukemic and hepatic carcinoma cells (Huang et al., 2009; Zhang et al., 2003) . Indeed, capsaicin potently inhibited lipid peroxidation and ROS generation in rat peritoneal macrophages and the inflammatory response in the sepsis model (Joe and Lokesh, 1994; Kogure et al., 2002; Okada and Okajima, 2001 ). Moreover, administration of capsaicin was shown to exert protective effect against cisplatin-induced nephrotoxicity in rats (Shimeda et al., 2005) . However, the mechanism responsible for the potent inhibitory effects of capsaicin on cisplatin-induced nephrotoxicity is still unclear. In the present study, we investigated the molecular mechanism of capsaicin and found that the protective effect of capsaicin on cisplatin-induced nephrotoxicity is mediated by HO-1 induction which inhibits oxidative and inflammatory events.
MATERIALS AND METHODS

Animals and drug treatments
Male C57BL/6 mice (7 week old, weighing 20-22 g) were purchased from Orient Bio (Korea) and maintained according to a standard animal protocol approved by the Animal Care and Use Committee at Wonkwang University. The dose of cisplatin and the time of treatment were selected based on the previous study (Shimeda et al., 2005) . Capsaicin (2.5, 5, and 10 mg/kg body weight) was administered orally once a day for 5 consecutive days. Cisplatin (5 mg/kg body weight) was injected once, 12 h after capsaicin administration for 4 consecutive days. The mice were sacrificed the day after the final cisplatin injection.
Assays for renal functional markers and pro-inflammatory cytokines
For renal function analysis, serum was isolated and stored at -80°C until use. Serum creatinine and blood urea nitrogen (BUN) levels were measured using an assay kit according to the manufacturer's instructions (BioVision, USA). The proinflammatory cytokines TNF-α, IL-1β, and IL-6 in each serum were quantified by ELISA (Quantikine Kit; R&D Systems, USA) according to the manufacturer's instructions.
Histological evaluation and Immunohistochemical analysis
Kidney tissues were fixed in 4% formaldehyde and embedded in paraffin wax. The 5-μm-thick sections were deparaffinized in xylene and rehydrated through graded concentrations of ethanol. For histopathological analysis, hematoxylin and eosin Y (H&E) staining was performed using standard protocols. Immunohistochemistry (IHC) was performed using an IHC kit (DAKO LSAB Universal K680, USA). Briefly, kidney sections were incubated in a blocking solution with 5% bovine serum albumin followed by a solution containing primary antibody (1:200 dilution) with 1% bovine serum albumin for 1 h. After repeated washes with PBS, each section was incubated with biotinylated secondary antibody for 1 h and then covered for 15 min with streptavidin-peroxidase. Finally, after repeated washes with PBS, each section was stained in a freshly -prepared substrate solution (3 mg of 3-amino-9-ethylcarbazole in 10 ml of sodium acetate buffer, pH 4.9, 500 μl of dimethylformamide, and 0.03% hydrogen peroxide) for 10 min. The nuclei of immunostained cells were counterstained with Mayer's hematoxylin (SigmaAldrich, USA) and then images were collected using a light microscope (IX71, Olympus, Japan).
Cell culture and viability HK-2 cells (ATCC, USA), an immortalized human proximal tubular epithelial cell line, were maintained in Dulbecco's modified eagle's medium-F12 (Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin G, 100 μg/ml streptomycin, and 0.25 μg/ml amphotericin B). Cells (3 × 10 4 cells per well of a 24-well plate) were plated for 16 h and incubated with cisplatin (30 μM) dissolved in water in the presence of varying concentrations of capsaicin in ethanol for 24 h. To determine the cell viability, MTT (0.25 mg) was added to 1 ml of the cell suspension for 2 h. After washing the cells three times with PBS, pH 7.4, the insoluble formazan product was dissolved in DMSO. Optical density (O.D.) was measured using a microplate reader (Titertek Multiskan; Flow Laboratories, USA) at 590 nm. The O.D. in the control cells was declared as 100% of viability.
RNA interference
Predesigned siRNA to human HO-1 and control scrambled siRNA were purchased from Santa Cruz Biotechnology (USA). HK-2 cells were transiently transfected with 100 nM siRNA constructs using X-tremeGENE siRNA transfection reagent (Roche Applied Science, Germany), according to the manufacturer's protocol. The knockdown of protein expression was confirmed by immunoblot analysis.
Immunoblot analysis
To determine the expression levels of target proteins, Western blots were performed. Briefly, kidney tissues and HK-2 cells were homogenized in lysis buffer (10 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,1 mM EDTA, 50 mM β-glycerophosphate, 1 mM DTT, 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, and 1X protease inhibitor cocktail). The samples from kidney or HK-2 cells were incubated with anti-TLR4 (Santa Cruz Biotechnology Inc., USA) or anti-HO-1 antibody (Stressgen, Canada). Signals were visualized by a chemiluminescent solution according to the manufacturer's instructions (Supersignal Pico Substrate; Thermo Scientific, Pierce Chemical). The membranes were reprobed with anti-actin antibody (Santa Cruz Biotechnology Inc.) as a loading control. Signaling intensities were quantified using the ImageJ program.
Real-time PCR analysis
Total RNA was isolated from cells using TRIzol (Invitrogen, USA) according to the manufacturer's protocol. Three micrograms of RNA was converted to cDNA using the First Strand cDNA Synthesis Superscript kit (Invitrogen) according to the manufacturer's protocol. Quantitative real-time PCR was performed with 10 pmol of primers for HO-1 and GAPDH using SYBR Green Mastermix (Invitrogen). Reactions were performed in triplicate and specificity was monitored using melting curve analysis after cycling. Primers used were as follows: mouse HO-1, 5′-GGT GAT GGC TTC CTT GTA CC-3′ and 5′-AGT GAG GCC CAT ACC AGA AG-3′; human HO-1, 5′-CAT GAC ACC AAG GAC CAG AG-3′ and 5′-AGT GTA AGG ACC CAT CGG AG-3′; mouse NQO1, 5′-AGC CCA GAT ATT GTG GCC G-3′ and 5′-CGT TTC AGA ATG GTC GGC AC-3′; mouse GCLC, 5′-CTG CAC ATC TAC CAC GCA GT-3′ and 5′-GTC TCA AGA ACA TCG CCT CC-3′; mouse GCLM, 5′-CGG GAA CCT GCT CAA CTG-3′ and 5′-CCA AAA CAT CTG GAA ACT CCC-3′; mouse GSS, 5′-GAA GCA GCT CGA AGA ACT GG-3′ and 5′-AGC ACT GGG TAC TGG TGA GG-3′; GAPDH, 5′-TCC CAC TCT TCC ACC TTC GA-3′ and 5′-AGT TGG GAT AGG GCC TCT CTT G-3′. Relative mRNA expression was quantified using the ΔΔCt method and GAPDH was used as an internal control. Results were expressed as fold change.
Determination of ROS production
The intracellular ROS level was measured using a fluorescent dye 2′,7′ dichlorodihydrofluorescein diacetate (H2-DCFDA; Invitrogen). Cells were plated in 96-well culture plates overnight and treated with cisplatin in the presence or absence of capsaicin for 24 h. After washing with PBS, serum-free DMEM containing 10 μM H2-DCFDA was added to each well and incubated at 37°C for 1 h. ROS production was measured using a microplate reader equipped with a spectrofluorometer at an emission wavelength of 538 nm and extinction wavelength of 485 nm. Relative ROS production was expressed as the change A B C in fluorescence of experimental groups compared with that of the appropriate controls.
Statistical analysis
Each experiment was performed at least three times, and all values represent the means ± S.D. of triplicate analyses. Statistical multivariate analysis was performed by analysis of variance and Duncan tests, using the SPSS 11 (USA) statistical software. Two-way ANOVA and/or one-way ANOVA were used to determine the significance of the results. The statistical results were reviewed by a masters-level biostatistician. Values of p < 0.05 were considered to be statistically significant.
RESULTS
Capsaicin ameliorates cisplatin-induced kidney injury in mice
To evaluate the effects of capsaicin on renal function, C57BL/6 mice were treated with capsaicin, cisplatin, or capsaicin plus cisplatin according to the experimental schedule described in the "Materials and Methods", and the levels of serum creatinine and BUN were measured. As shown in Figs. 1A and 1B, cisplatin alone caused a marked increase in serum creatinine and BUN as compared with control group. In contrast, capsaicin pretreatment significantly attenuated the cisplatin-mediated increase in a dose-dependent manner. Next, to examine the effect of capsaicin on the histological changes caused by cisplatin treatment, kidney specimens from experimental groups were stained with H&E. As shown in Fig. 1C , mice treated with cisplatin showed various degrees of tubular and glomerular damage, such as tubular dilation, vacuole formation, and necrosis. However, pretreatment with capsaicin dose-dependently prevented the renal damage, resulting in normal kidney morphology with slight changes in the glomeruli and minor edema of the tubular cells. These results suggest that capsaicin protects against cisplatin-induced renal injury.
Capsaicin inhibits cisplatin-induced inflammatory responses in mice
Because inflammatory mediators including pro-inflammatory cytokines, Toll-like receptor 4 (TLR4), and TLR4 ligands may exacerbate cisplatin-induced renal injury, we examined if capsaicin pretreatment altered expression of these cisplatininduced mediators. First, we assessed the serum levels of proinflammatory cytokines by ELISA. Cisplatin treatment resulted in a marked increase of pro-inflammatory cytokine secretion, specifically TNF-α, IL-1β, and IL-6. However, the increased secretion of these pro-inflammatory cytokines was significantly attenuated with capsaicin pretreatment in a dose-dependent manner ( Figs. 2A-2C ). We also examined the level of TLR4 and its ligands, HMGB1 and AGEs, in kidney tissue by Western blot and immunohistochemistry (IHC). The induction of TLR4 in cisplatin-treated kidney tissue was strongly attenuated by capsaicin pretreatment as shown by Western blot and IHC analysis (Figs. 2D and 2E ). We also found that cisplatin treatment increased the expression of HMGB1 primarily in the glomeruli (Fig. 2F) and AGEs in the renal tubular cells (Fig. 2G) , and these effects were almost completely abrogated by capsaicin pretreatment (Figs. 2F and 2G) . 
Capsaicin attenuates cisplatin-induced oxidative stress in mice
Reactive oxygen species (ROS), which induce oxidative stress, are important in the pathogenesis of cisplatin-induced renal injury, and NAD(P)H oxidase 4 (NOX4) is one of the major sources of ROS generation in cisplatin-treated kidneys (Mukhopadhyay et al., 2010; 2011) . Elevated levels of intracellular ROS lead to the oxidation of several cellular molecules, including proteins and lipids, resulting in cellular stress (Chen et al., 1995) . IHC and Western blot analysis revealed that cisplatin treatment increased the expression of NOX4, whereas capsaicin pretreatment attenuated the expression of NOX4 in the kidney tissues and HK-2 cells (Figs. 3A and 3B ). Similar to the effect of capsaicin on the expression of NOX4, capsaicin pretreatment also markedly blocked the expression of 4-HNE, a biomarker for lipid peroxidation, in the kidney tissues and intracellular ROS level in HK-2 cells in response to cisplatin treatment (Figs. 3C and 3D ). Taken together, these results suggest that capsaicin prevents cisplatin-induced renal injury by suppressing critical mediators of inflammation and ROS generation.
Capsaicin attenuates cisplatin-cytotoxicity through induction of HO-1 expression
Previous studies reported that capsaicin increased HO-1 expression through activation of Nrf2 signaling in HepG2 cells (Joung et al., 2007) . In addition, we have previously demonstrated that increased HO-1 expression leads to the protection of hearing function against cisplatin-induced hearing impairment (So et al., 2008) . Thus, we investigated whether the protective effect of capsaicin is mediated by the induction of HO-1 expression in vivo and in vitro. Western blot and RT-PCR analysis showed that capsaicin dose-dependently increased the expression of HO-1 protein (Fig. 4A) and mRNA (Fig. 4B ) in the kidney and also time-dependently increased the expression of HO-1 in vitro (Figs. 4C and 4D ). To determine the role of HO-1 in capsaicin-mediated protection against cisplatin cytotoxicity, HK-2 cells were treated with 30 μM cisplatin and 100 μM capsaicin in the presence and absence of HO inhibitor ZnPP IX or siRNA-HO-1. Capsaicin alone did not affect cell viability of HK-2 cells (data not shown). An MTT assay showed that pretreatment with capsaicin significantly increased the cell viability of cisplatin-treated HK-2 cells, while either treatment with HO inhibitor ZnPP IX or transfection of HO-1 specific siRNA abolished the cytoprotective effect of capsaicin (Figs. 4E-4G ). This finding suggests that the induction of HO-1 by capsaicin treatment may play a key role in the protection against cisplatinmediated renal toxicity.
DISCUSSION
In this study, we have demonstrated that capsaicin increases HO-1 expression and ameliorates cisplatin-induced renal injury through the inhibition of oxidative stress and the inflammatory response. Cisplatin treatment increased the expression of NOX4 and 4-HNE in kidney tissues, but capsaisin pretreatment reduced the expression of these ROS-related proteins. In addition, capsaicin pretreatment markedly decreased the expression of inflammatory mediators, including TLR4, HMGB1, and AGEs. Furthermore, in vivo studies with mice and in vitro studies with HK-2 cells revealed that capsaicin treatment increased HO-1 expression, which reduced cisplatin-mediated cell death. Accordingly, pharmacological inhibition or knockdown of HO-1 effectively reversed the protective effect of capsaicin on cisplatin-induced cell death. These findings indicate that induction of HO-1 by capsaicin inhibits cisplatin-induced renal cytotoxicity. Numerous studies suggest that inflammation is associated with cisplatin-induced nephrotoxicity (Kuhad et al., 2007; Mitazaki et al., 2013; Mukhopadhyay et al., 2010; 2011; Sahu et al., 2013) . The inflammatory response to cisplatin is characterized by the infiltration of immune cells and upregulation of proinflammatory cytokines. Previously, we and others have demonstrated an important role for pro-inflammatory cytokines, including TNF-α, in the pathogenesis of cisplatin-induced tissue injury, and the inhibition of TNF-α production or function markedly abolished cisplatin-induced ototoxicity and nephrotoxicity (Ramesh and Reeves, 2002; So et al., 2007) . Toll-like receptors (TLRs), which regulate innate and adaptive immune responses during tissue injury by recognizing pathogen-associated mole- TLRs including TLR2,  TLR4 , and TLR6, suggesting that these TLRs might contribute to the inflammatory responses in renal injury. More specifically, TLR4 is studied most extensively in cisplatin-induced nephrotoxicity. Previous studies demonstrated that cisplatin-induced acute renal failure is dependent on TLR4 signaling. Cenedeze et al. (2007) reported that protection against cisplatin-induced renal injury in mice could be conferred by the expression of TLR4 receptor with a point. In addition, increased production of proinflammatory cytokines and chemokines in response to cisplatin was reduced in TLR4 deficient mice (Zhang et al., 2008) . These observations indicate that TLR4 activation is a key upstream event leading to cytokine production, inflammation, and renal injury upon cisplatin treatment. However, it remains unclear whether traditional TLR4 ligands like HMGB1 and AGEs are also involved in cisplatin-induced nephrotoxicity. In this study, we showed that capsaicin downregulates the expression of inflammatory mediators in kidney, consistent with the report that capsaicin treatment can attenuate systemic inflammatory cytokines during sepsis in rats. Moreover, we demonstrated for the first time that cisplatin-induced renal injury is associated with the increased expression of TLR4 and its ligands, HMGB1, and AGEs. Interestingly, we found differential expression of HMGB1 and AGEs in cisplatin-treated kidneys. The expression of HMGB1 mainly increased in the glomeruli cells, while AGEs were mainly expressed in the tubular cells. Consistent with this finding, HMGB1 was recently shown to attract macrophages by inducing MCP-1 release from renal tubules, which promotes granulomatous inflammation and worsens nephropathy, including tubular damage and glomerular injury (Oyama et al., 2010) .
Several studies also suggest that cisplatin-induced nephrotoxicity is largely mediated by lipid peroxidation and ROS generation. In fact, various antioxidants were shown to be effective in protection against CDDP-induced nephrotoxicity (Pabla and Dong, 2008) . In particular, capsaicin and/or its analogues were suggested to have antioxidant activities and thus be potentially protective against cisplatin-mediated renal injury in rats (Shimeda et al., 2005) . However, the mechanisms underlying the antioxidant and protective effects of capsaicin were poorly understood. In this study, we attempted to investigate the possible molecular mechanisms underlying the cytoprotective effects of capsaicin with prime focus on the upregulation of HO-1. HO-1 is an enzyme with potent antioxidant activity, and upregulation of HO-1 expression is recognized as a key event to maintain cellular antioxidant capacity. Several studies have demonstrated that HO-1 mRNA is induced in the kidney as an early defense mechanism in various nephrotoxic animal models, such as ischemia/reperfusion and nephrotoxin-induced acute kidney injury (Agarwal et al., 1995; Nath et al., 2000) . Genetic depletion or chemical inhibition of HO-1 significantly worsens kidney function and tubular injury in response to cisplatin treatment, further supporting a protective role for HO-1 expression in cisplatin-induced renal injury (Agarwal et al., 1995; Shiraishi et al., 2000) . Furthermore, we and others have documented that HO-1 activation exerts potent anti-inflammatory functions in a various pathophysiological conditions, including cisplatin-induced ototoxicity and hepatic ischemia/reperfusion injury (Sass et al., 2012; So et al., 2008) . We demonstrated in this report that capsaicin increased the expression of HO-1 in a dose-and timedependent manner without causing severe toxicity in kidney tissues or HK-2 cells. Moreover, specific inhibition of HO-1 function or expression abolished the protective effect of capsaicin against cisplatin-induced cytotoxicity in HK-2 cells. These results indicate that HO-1 is one of the essential regulators for the protective effects of capsaicin on cisplatin-induced nephrotoxicity. Although HO-1 could be induced through various transcriptional activations, such as AP-1, STAT and Nrf2, numerous studies have reported that HO-1 induction is mainly regulated by Nrf2. Thus, we also considered the possibility that other Nrf2-regulated genes may contribute the protective effects of capsaicin against cisplatin. To address this question, we iexamined the mRNA expression profiles of various Nrf2-regulated genes, including NQO1, GCLC, GCLM, and GSS. In contrast to expression of HO-1, mRNA expressions of these genes were not affected by capsaicin in the kidney tissues (data not shown). Therefore, it remains unclear which gene(s) cooperate with HO-1 that could confer the protective effects of capsaicin against cisplatin-induced nephrotoxicity.
In conclusion, we showed that capsaicin ameliorates cisplatin-induced nephrotoxicity by effectively suppressing oxidative damages and inflammatory responses, and that HO-1 induction is central to the protective mechanism of capsaicin. In the present study, we suggest that the activation of HO-1 by the regular intake of natural phytochemicals may represent one of the most practical and feasible ways to reduce the risk of cisplatininduced toxicity.
